Introduction α-Methylacyl-Coenzyme A Racemase (AMACR, EC 5.1.99.4) is a cofactor independent metabolic enzyme important for the catabolism of branch chained fatty acids as well as the maturation of bile acids from cholesterol precursors (1) . The natural substrates for AMACR include (2R)/(2S) pristanoyl coenzyme A (Fig. 1A) and the bile acid precursor molecule (25R)/(25S)-trihydroxycholestanoyl coenzyme A (Fig. 1B) (1) (2) (3) (4) (5) . Acting upon its substrate, the enzyme has the ability to catalyze the bi-directional stereoconversion (from S to R and the reverse) of the α-methyl proton via a 1,1-proton transfer thought to proceed through an enolate intermediate (3, 6) .
In mammals, branch-chain lipids are acquired either directly through the degradation of chlorophyll into phytanic acid (ruminants) or by the intake of ruminant byproducts (milk, beef, etc.) (1, 2) . These lipids (and cholesterol precursors of bile acids) naturally occur as a racemic mixture, and their complete oxidation requires that they be in the S-conformation (1, 2) . AMACR carries out that conversion prior to further oxidation. In addition to natural substrates, AMACR is believed to catalyze the stereoconversion of ibuprofenyl-CoA ( Fig 1C) from its inactive R-conformer to its biologically active S-enantiomer (3).
Two crystal structures of the homologous α-methylacyl coenzyme A racemase from Mycobacterium tuberculosis, called MCR, have been published (7, 8) . Structurally MCR (43% homologous to AMACR by protein sequence) belongs to the type III CoA transferase superfamily of enzymes. The crystal structure indicates that the enzyme forms a dimer of interlocking dimers with the active site at the interface of the large domain of one monomer and the small domain of the other monomer. The identified catalytic residues in MCR are H126 and D156 (homologous residues H122 and D152 in AMACR). The size and lack of prominent topography in the hydrophobic substrate binding pocket accommodates the binding of either enantiomer from a diverse array of substrates ( Fig. 1) (7, 8) . A recent kinetic study using recombinant human AMACR and a deuterium-labeled substrate assay observed that the rate of solvent exchange (without stereoconversion) is twice the rate of stereoconversion, implying that the mechanism of racemization is inefficient (3) . This is consistent with data showing little to no preference for one chiral center (R or S) over the other.
Beyond its metabolic significance, AMACR is important in several human diseases. Patients with peroxisomal deficiency (Zellweger's syndrome) are deficient in AMACR activity (1) , and patients with inactivating AMACR mutations (S52P and L107P) accumulate toxic levels of the R-conformer of branch chain fatty acids in their blood, resulting in neuropathy similar to Refsum disease (9) . Additionally, the specific upregulation of AMACR at both transcript and protein levels in prostatic adenocarcinoma and its precursor lesions, including putative prostate cancer progenitor populations, has been reported (10, 11, 12) .
Immunohistochemical detection of AMACR has become a valuable tool for the positive diagnosis of prostate cancer in tissue samples (11, 13) . AMACR over-expression correlates with increased AMACR activity, indicating that the protein being expressed is enzymatically active and may be contributing to cancer growth (14, 15) .
Decreasing the expression of AMACR through the use of siRNA constructs has been shown to slow the growth of prostate cancer cell lines, indicating that not only may AMACR expression directly be supporting cancer growth, but also that AMACR may be a new target for chemotherapeutic inhibition (14, 16) . For targeted therapy, AMACR offers several advantages. First, an AMACR knockout mouse model has been generated and beyond the expected problem of branch chain lipid accumulation (safely regulated by diet alone) the mice have been reported to be healthy and fertile (17) . This finding is in agreement with the observation that individuals with AMACR deficiency may remain asymptomatic for extended periods (9) .
Those data suggest that targeted inhibition of AMACR may offer promise as chemotherapy against prostate cancer without major inhibition related side effects (14, 16) . In addition to prostate cancer, AMACR has been shown to be over-expressed in a variety of solid tumors, suggesting that targeted inhibition may be translatable to other cancers (18) .
In addition to exploiting the over-expression of AMACR for cancer chemotherapy, it is becoming increasingly clear that AMACR represents an excellent target for imaging of prostate cancer (19 imaging agents exist for detecting prostate cancer after it has disseminated, there is still a need for imaging agents to detect intraprostatic lesions (20, 21) . Given that prostate cancer is the most commonly diagnosed cancer in men, as well as the second leading cause of cancer-related death in men (22) and that an increasing number of cases are being followed by active surveillance, finding low molecular weight agents that target AMACR could represent an important advance for managing this disease (23, 24) . An important distinction between AMACR and other candidate prostate cancer imaging targets is that AMACR expression is largely cancer specific, whereas PSA and PSMA are prostate specific, being expressed by both normal and cancerous prostate epithelial cells (20, 21) .
There are few reported AMACR inhibitors. The scarcity of inhibitors relates in large part to the unwieldy substrate requirements of the enzyme, namely: the presence of a coenzyme A thioester (rendering the molecule impermeable to cells due to the presence of three phosphate molecules) and a minimum carbon chain length of 8 carbons (with the exception of ibuprofenyl coenzyme A) for the acyl portion of the substrate (1, 2, 8) . Multiple assays exist to quantify AMACR activity (1-8, 15, 25, 26) . The most common assay relies on the production of radiolabeled water after incubation of AMACR with substrates containing tritium or deuterium at the α-position (1-3). Also, it is possible to monitor the stereoconversion of one enantiomer to another by incubating the enzyme with a stereochemically pure pool of substrate and then measuring the production of the opposite stereoisomer after diastereomeric separation using either gas chromatography (GC) or high-performance liquid chromatography (HPLC) (1) (2) 6) . Using these assays, inhibitors of AMACR activity have been identified (including mercury, copper(II), diethylpyrocarbonate, Ellman's reagent, and Nethylmaleimide) (1, 2) . Recently it has been shown that fluorine for hydrogen substitutions of known substrates near the α-position can result in the generation of competitive inhibitors. However, such molecules still require the presence of the coenzyme A (SCoA) moiety, limiting their therapeutic potential (26) .
While the aforementioned assays have single time point dependence, two continuous assays have been published (4, 25) . One assay is an indirect coupled assay that monitors hydrogen peroxide production by Page 6 of 31 the stereospecific oxidase immediately downstream of AMACR (25) . That assay is limited in that it requires two different enzymes be present, and a stereochemically pure substrate (25) . Recently a circular dichroism (CD) assay for MCR activity has been published (4) . In this assay, recombinant MCR is incubated with stereochemically pure R-or S-ibuprofenyl-coenzyme A and circular dichroism measurements are made as the enzyme converts one diastereomer to the other (4) . As with all prior assays for measuring AMACR activity or inhibition, the CD assay cannot be used to screen more than one reaction condition at a time. The arduous substrate (single optical isomers) or product preparations (diastereomer derivitization for analytic GC/HPLC separation), precludes the use of all existing assays in screening large libraries of diverse compounds.
We have designed a 96-well based assay for the detection and testing of AMACR inhibitors. Using this assay we discovered and subsequently characterized AMACR inhibitors that are not substrate-based. None of the inhibitors identified require the presence of the coenzyme A moiety for activity, rendering them superior to previously identified compounds with respect to expected pharmacokinetic properties, thereby enabling further optimization and implementation in vitro and in vivo. Unlike previous inhibitors these compounds do not behave in a competitive fashion, offering unique opportunities to gain insight into the structural requirements for AMACR inhibition. Additionally, we report the development of the first stable AMACR knockdown cell line of prostate cancer cells (LAPC4-AMACRKO). These cells exhibit a statistically significant decreased growth rate and will offer an ideal syngeneic control for further AMACR related in vitro and in vivo studies.
Experimental Procedures
Reagents-Ebselen and ebselen oxide were purchased from Cayman Chemical Co (Ann Arbor, MI), against 1 L of 100mM Na/K/Pi buffer pH 7.25 (referred to hereafter as "reaction buffer") using slide-a-lyzer dialysis cassettes (10 kDa cutoff, ThermoFisher). The dialysis cassette was then transferred to 3 L of reaction buffer and dialyzed overnight. The following day the dialyzed lysate was quantified using the BCA protein assay kit. Additionally, the recombinant AMACR-MBP protein was quantified by densitometry analysis.
High Throughput Screen (HTS)-[2,3-
3 H]-pristanoyl coenzyme A (Pri-CoA) was purchased from Moravek Biochemicals (Brea, CA) with a specific radioactivity of 4.7 Ci/mmol. For the purposes of this assay the specific radioactivity was reduced to 60 Ci/mol by dilution with unlabeled Pri-CoA. Pristanic acid was purchased from
Larodan and was ligated with coenzyme A and purified according to published procedures (1, 2) . This substrate exhibited non-specific binding to polypropylene. To improve recoveries, 0.125 mg/mL agarose purified BSA (Sigma-Aldrich) was added to the reaction buffer for both experimental and control wells quenched, neutralized, diluted to 100 µL, and then transferred to the SPE plate. Each well of the reaction plate is then washed twice and the washes are transferred to their respective wells. The total post reaction volume is 300 µL per SPE well. Vacuum is applied and the reaction is pulled through the SPE, retaining unreacted substrate and allowing [ 3 H] H2O product to pass into the collection plate. 60 µL of the eluate from each well is then transferred to a reading plate containing liquid scintillation fluid. The read plate is then sealed, vortexed, and read in a 96-well scintillation detector (MicroBeta Jet, Perkin-Elmer) using a dwell time of 2 min per well and the same set of efficiency (CPM to DPM) standards for every plate. After the entire plate is read, the background is corrected by removing the average counts from background wells. The fractional activity (A I /A 0 ) was then calculated for each library position by dividing the library DPM by the 100% activity control for that row (A column). Any well with fractional activity less than 0.8 indicates a compound that is least 20%
inhibitory. Such compounds were considered worthy of further validation (Supplementary Tables S1 and S2,   Table S1 and S2).
HTS Validation
The K m and the V max for [2, Page 11 of 31 rates were then directly plotted and were fit to the Michaelis-Menten equation to calculate the kinetic parameters shown in Fig. 4 (GraphPad).
HTS Candidate Inhibitor Validation
All library compounds that demonstrated fractional activity of less than 0.8 were verified first by reproducing the initial HTS screen. The initial candidate inhibitors were verified at least twice before further validation (data not shown). In the case of the JHDL, candidate inhibitors that were distinct single chemical entities and were available for purchase were obtained and their inhibitory capacities tested in a small scale IC 50 experiment using conditions identical to the HTS assay except that the compound concentration included 1, 10, 50, 100, 200, 500, and 1000 µM concentrations (data not shown). If a dose dependent inhibition could be observed in that assay, then more rigorous follow up was pursued. Based on this analysis and on considerations of chemical structures, only ebselen, congo red, and rose bengal ( H] Pri-CoA), and the reactions with AMACR-MBP were performed as described above for the HTS assay. These dialysis experiments were undertaken on three different occasions. Dialysis against a greater volume of reaction buffer was attempted and did not change the results (data not shown). The fractional activity for both the undialyzed and dialyzed samples were calculated as described above. Dialysis could not recover AMACR activity after pre-incubation (Fig. 6A) . 
concentrations from 0 to 400 µM and 5 µM AMACR-MBP. Inhibition was initiated by the addition of AMACR-MBP; immediately after which (time-point zero), a 2 µL aliquot was removed and diluted into 98 µL of reaction buffer containing 150 µM [2, 3 3 H] Pri-CoA (a 50 fold dilution reducing the final AMACR-MBP concentration to 100 nM). These enzymatic reactions were allowed to proceed for thirty minutes before quenching and processing as described above for the HTS. Additional aliquots were withdrawn from the inhibition reaction at subsequent time points and diluted. Data analysis was performed as described by Kitz and Wilson (27, 28) containing either ebselen or DMPMB in a concentration range of 0-500 µM or 0-400 µM respectively. After 48 hours the alamarBlue assay for viability was performed as described for LAPC4 above. The viability was calculated as a percent of the no inhibitor control for each cell type, after correcting for media only background fluorescence. The percent viability as a function of increasing log of inhibitor concentration was then analyzed using a least squares fit for non-linear regression with a variable slope (4 parameter) and constraining the bottom to zero (GraphPad). The results of these analyses can be seen in figures 7A and 7B.
Results

Stable shRNA mediated AMACR knockdown validates AMACR as a therapeutic target
Previously, we have studied the effect of substrate-based AMACR inhibitors on different prostate cancer cell lines with variable levels of AMACR expression (26) . In addition we have transiently attenuated AMACR expression through the use of siRNA (14) . To extend these analyses, here we report the use of commercial lentiviral particles to stably reduce the expression of AMACR.
LAPC4 cells were transduced with lentivirus containing an shRNA construct targeting AMACR (LAPC4 AMACRKO). As a parallel control, cells were also transduced with lentivirus containing an shRNA construct targeting no known gene in the human genome (vector). To assess the ability of the shRNA to reduce AMACR expression, a Western blot was prepared using lysates from the parental, vector, and AMACRKO cell lines (Fig.2 inset) . As seen in Figure 2 , the shRNA construct rendered AMACR protein expression undetectable by immunoblotting. In order to test the growth effect of biochemical AMACR depletion, parental, vector, and AMACRKO cells were plated at equal density in 96 well plates and their growth was measured for 6 days using the Alamar blue assay. There is a statistically significant difference between the vector and AMACRKO cell lines (P-value < 0.05, two-tailed, t-test); while no significant difference exists between vector and LAPC4 parental cell lines (Fig. 2) . Identical studies were carried out using the prostate cancer cell line LNCaP Figure S1 ). Our observations confirm that reducing AMACR expression slows prostate cancer cell growth, providing further impetus to develop small molecules that can inhibit AMACR activity.
Purification of Enzymatically Active AMACR from E.coli
A recombinant expression vector containing the human AMACR cDNA with an N-terminal maltosebinding protein (MBP) tag was obtained (AMACR-MBP) (9) . Using that vector, milligram quantities of AMACR-MBP were routinely purified. To guard against the possibility that non-specific carryover from the E coli host strain may be providing enzymatic activity similar to that of AMACR, site-directed mutagenesis was employed to create a known inactivating mutation within the AMACR construct, changing serine 52 to proline (9) . That mutation eliminated all measurable AMACR activity from our preparations indicating that all measured AMACR activity was from AMACR-MBP and not from a contaminant (data not shown).
To ensure that we were purifying enzymatically active AMACR-MBP, an HPLC-based assay was employed (6) . It has been shown that diastereomers of the AMACR substrate (25 R,S)-THCA-CoA can be separated and collected independently of each other via reverse phase C18 HPLC. The separated diastereomers (either 25R or 25S) can then be incubated in the presence of AMACR and the conversion of one enantiomer to the other can be monitored over time via HPLC. Using that assay AMACR-MBP was confirmed as enzymatically active (or inactive in the case of the S52P mutant) (S. Fig. S2 ). Although this assay is adequate for validation and comparison of enzymatic preparations, the retention times for the separation of diastereomers, as well as the amount of processing involved make this assay impractical for use in a highthroughput screen.
Development of a High-Throughput Screen (HTS) for AMACR Inhibitors
None of the current assays for AMACR activity have been adapted to a multi-well screening format (1-6, 9, 15, 25, 26) . We established a 96-well plate assay for AMACR activity based on a previously published assay for measuring cytochrome p450 activity (30, 31) . In the plate-based assay, the enzyme (0.3 µM) is incubated with 150 µM labeled substrate [2, H] pristanoyl coenzyme A (Pri-CoA) (Fig. 1 (Fig. 3) . The reaction mixture is transferred to a C18 solid phase extraction (SPE) plate which allows the liberated tritiated water to be separated from any unmetabolized substrate. The level of enzymatic activity can be measured through the use of 96-well microplate scintillation counting. AMACR inhibition is quantified by comparing the number of disintegrations per min (DPM) from enzymatic product to plate controls containing no inhibitor or 100 µM of a known inhibitor (diethylpyrocarbonate (DEPC)) (2) .
Kinetic Parameters of the High-Throughput Screen
The kinetic parameters for labeled substrate in the assay were determined (Fig. 4) . Initial reaction rates were determined by incubating 0.3 µM AMACR-MBP with varying concentrations of [2, H] Pri-CoA (specific radioactivity was maintained at 60 Ci/mole) from which aliquots were taken at time points from 0 to 900 sec.
Those samples were then treated as individual wells in our assay and processed as described above. The concentration-dependent time points were used to calculate reaction rates. Those rates were then directly plotted against concentrations and kinetic parameters calculated by non-linear regression (Fig. 4) . The calculated kinetic values (V max : 294.9 ± 21.10 pmoles/min (standard error of the mean, SEM); K m : 85.57 ± 17.14 µM (SEM)) are similar to other published reports using human AMACR (1, 3) .
High-Throughput Screen of 4896 Unique Small Molecules
The Johns Hopkins Drug Library (JHDL) contains 3280 distinct molecules the majority of which are drugs currently approved by the U.S. Food and Drug Administration, or its foreign counterparts, in addition to numerous other bioactive compounds (32) . Those compounds were screened at a final concentration of 100 µM. Any compound that diminished the fractional activity by ≥ 20% was considered a candidate inhibitor (Supplementary Table S1 ). Of the 3,280 compounds screened in this library, 167 met the criteria of a minimum of 20% inhibition (5.1% positive hit rate), and of these, three were chosen for further analysis (Rose Bengal, Congo Red, and Ebselen) (Fig. 5) . In screening the JHDL, the detection of mercury and copper containing compounds was an internal validation of the reliability of the assay (along with N-ethylmaleimide), as these Page 17 of 31 compounds have been reported to be inhibitory elsewhere (S. Table 1) (2). AMACR has been shown to have an active site histidine (His122) (8) . Therefore, the discovery of rose bengal, a compound known to selectively inhibit enzymes with active site histidine residues, indicated that the discovered compounds were relevant to AMACR biochemistry (33) . 
Candidate Inhibitor Validation
After reproducing the results from the initial screen, several of the most potent inhibitors were subjected to subsequent analysis (Fig. 5) . The potency of the candidate inhibitors was validated by determining their IC 50 values. The IC 50 values for characterized candidate inhibitors are listed in Fig. 5 and the IC 50 curves themselves are in S. Fig. S3 . Trihydroxycholestanoyl-Coenzyme A (compound 9), is a well characterized substrate and was included as a positive control for inhibition and as external validation of the SPE based assay (1, 2, 6 ). Ebselen oxide was tested as a commercially available derivative of the most potent inhibitor, ebselen, and showed an equivalent ability to inhibit AMACR (Fig. 5) . As the first reported inhibitors of AMACR that are not substrates containing SCoA, the IC 50 values for these compounds (1) (2) (3) (4) (5) (6) (7) (8) (10) .
Time-Dependent, Non-Dialyzable Inhibition by Candidate Inhibitors
During the validation experiments for ebselen, it was observed that the degree of inhibition increased depending on whether the reaction was initiated with substrate or enzyme. The only difference between those two conditions is the amount of time that the enzyme is pre-incubated with inhibitor prior to the addition of substrate (reaction initiation). Enzyme initiated reactions had no pre-incubation period and substrate initiated reactions had pre-incubation times of five minutes or more. In the presence of ebselen, a pre-incubation time of ≥ 5 minutes reduces the fractional activity of AMACR-MBP from ~50% to just above background, demonstrating a time-dependent component to ebselen inhibition (S. Fig. S3, inset) .
Published reports demonstrating that ebselen is capable of covalent modification of proteins suggest that ebselen may cause an irreversible inhibition of AMACR that is resistant to dialysis (34, 35) . In order to assess this possibility, experiments were setup whereby the AMACR-MBP was pre-incubated with inhibitor for 30 minutes at 4 o C, dialyzed overnight, and then exposed to the substrate. The amount of activity remaining after dialysis was then compared to controls to determine to what extent the dialysis was able to recover AMACR-MBP activity. As shown in Fig. 6A , for none of the inhibitors tested, could activity be recovered. The only inhibitor for which there seemed to be any statistically significant recovery of activity was DPZBD, and even this was only marginal (Fig. 6A) . To ensure that the compounds themselves were capable of being dialyzed, the UV-Vis spectrum of each reaction was checked before and after dialysis and in all cases the absorbance peaks of the inhibitors seen prior to dialysis were not seen after dialysis (data not shown). Neither congo red nor rose bengal could be included in that analysis as both have been shown to form non-dialyzable aggregates (36, 37) .
The dialysis data (Fig 6A) suggests that the AMACR inhibitors may be acting as covalent inactivators. To further investigate this possibility we chose to carry out Kitz-Wilson analyses for our top two inhibitors 1-2, Fig.5) (27, 28) . Inhibition progress curves for compound 2 (DMPMB) were linear with increasing time and concentration (Fig.6B, inset) , and upon Kitz-Wilson transformation yielded an inactivation rate (k i(inact) ) of 0.07521(±0.01067) min -1 and a K I(inact) of 24.32(±3.07) µM (Fig 6B) . Unfortunately, the inhibition progress curves for ebselen are curvilinear and do not fit the standard Kitz-Wilson model; and transformation of the linear portion of these curves results in a negative k i(inact) (S. Fig. S5 ). It has been suggested in the literature that inhibitors with this pattern of Kitz-Wilson analysis may be indicative of multiple binding events (either multiple inactivator binding sites or multiple inactivator molecules binding to a single site) (38) .
Non-Cysteine Dependent Inactivation by Ebselen
Ebselen has been shown to covalently modify cysteine residues in several proteins (34, 35) . However, it
has not been shown that any cysteine residues play a role in AMACR catalysis (7, 8) . To gain further insight into the mechanism of inhibition by ebselen, we sought determine whether or not ebselen (100 µM) mediated inhibition could be prevented by pre-incubation of AMACR with cysteine specific alkylating agents (5 mM tributylphosphine (TBP), 15 mM iodoacetamide (IAA), TBP + IAA, 20 mM dithithreitol (DTT)). The enzyme was either first exposed to the alkylating agents and then directly incubated with ebselen prior to enzymatic measurement; or, the AMACR was dialyzed after exposure to alkylators (removing excess alkylator) and then ebselen was added. Both the enzymatic activity and the sensitivity to inhibition with alkylator/ebselen were tested (S. Fig. S6 ). The data for TBP indicate that TBP co-incubated with ebselen can protect AMACR from inhibition, presumably by alkylation of ebselen by excess TBP rather than direct protection of AMACR. When the excess TBP is dialyzed away, the enzyme is still sensitive to inhibition by ebselen. While IAA itself did slightly inhibit AMACR activity (~83% activity remaining after dialysis), it was not able to protect AMACR from ebselen mediated inhibition. The combination of TBP and IAA was slightly inhibitory after dialysis (~81% activity, similar to IAA alone) and did offer some degree of protection from ebselen prior to dialysis (~50% activity remaining, most likely attributable to the reaction of TBP with ebselen) but this protection was not present after dialysis. DTT did not protect AMACR from inhibition during co-incubation of both ebselen and DTT. The fact that none of the cysteine-specific reactive compounds affected AMACR activity confirms that there is not likely a cysteine mediated contribution to catalysis. Their failure to protect AMACR from ebselen inhibition indicates that cysteine modification by ebselen may not be the cause of AMACR inhibition
In Vitro Toxicity for Ebselen and DMPMB
AMACR inhibitors may have differential effects on cells based on the amount of AMACR protein being expressed. As a baseline for comparison, 4 immortalized human prostate cell lines with differing levels of AMACR expression were tested for toxicity in the presence of ebselen and DMPMB (Fig. 7A and 7B ). WPMY1 is a non-tumorgenic human prostate stromal myofibroblast cell line that has undetectable AMACR protein by Western blot analysis (Fig. 7A, inset) (29) . PC3, LAPC4, and LNCaP are three commonly used prostate cancer cell lines listed in order of increasing AMACR expression (Fig 7A, inset) . 58.78±1.058µM, 116.9±1.033µM (Fig. 7B) .
Discussion
Recent controversy about prostate cancer screening has highlighted the need for non-invasive intraprostatic detection and monitoring of cancer (23, 24, 39) . A tissue biomarker of prostate cancer like AMACR provides an ideal candidate for targeted molecular imaging and chemotherapy (19, 21) . AMACR has been shown to be over-expressed in prostate adenocarcinoma by at least 10-fold over normal tissue and is used as an immunohistochemical marker of prostate cancer (11) . To further exploit AMACR over-expression for both therapeutic and imaging purposes, we have created the first published 96-well based assay to screen for inhibitors, and report the first inhibitors for AMACR that are not SCoA-containing substrate analogs (Figs. 3 and 5).
Unlike its predecessors, our assay is not a single condition assay and can therefore be used to screen large numbers of compounds, concentrations, and conditions at the same time. Until now a high-throughput assay for AMACR activity has remained elusive for a variety of reasons, the most obvious being the fact that AMACR is a racemase that requires an SCoA moiety in its substrates (Fig. 1) . As a racemase, AMACR is responsible for the stereoinversion of a single chiral center, and as such does not produce a product that is easily distinguishable from its substrate. There have been only two other published multi-well screens for inhibitors of any known racemase (40, 41) . We demonstrate here a 96-well plate based AMACR assay capable of screening thousands of compounds and finding unique chemical entities that do not face the limitations of substrate based competitive inhibitors (26) .
While validating the most potent inhibitors (ebselen and DMPMB, Fig. 5 ) we observed that this inhibition is both time-dependent and irreversible by dialysis (Fig. 6, S. Figs. S3 and S4) . Furthermore, we demonstrate that both DMPMB and ebselen are irreversible inactivators of AMACR, the first uncompetitive AMACR inhibitors reported.
Ebselen has been previously reported to covalently modify several other proteins, act as a peroxidase, have anti-inflammatory properties, and be neuroprotective (34, 35, (42) (43) (44) . It is important to consider that all of the above characteristics are not only beneficial but considered chemopreventative for cancer (45) . In addition, ebselen has been used in two different clinical trials as a neuroprotective agent (44, 46) . Neuroprotective doses of ebselen (300 mg/day) were well tolerated and could reach therapeutic levels through oral dosing (44, 46) . Those pharmacologic properties make ebselen amenable to use in the setting of prostate cancer. To this end we have determined the LD 50 for ebselen and DMPMB in a variety of prostate cell lines and have observed some interesting trends. For ebselen, cells that express more AMACR seem to be more sensitive to ebselen mediated cell death (Fig. 7) . There is a 5-fold difference in LD 50 between the highest S7 ) is consistent with another published report of metabolic inhibitors causing necrosis rather than apoptosis, and supports the possibility that AMACR over-expression may make cells dependent on metabolites derived from AMACR reliant pathways (47) . This 'AMACR addiction' is consistent with the observation that LAPC4 cells with decreased AMACR expression grow much more slowly than do the vector controls (Fig. 2) . That there is a difference in sensitivity to ebselen between cells expressing AMACR and those that do not suggests that there is a therapeutic window for specifically targeting AMACR expressing cells (cancer) while sparing the non-AMACR expressing normal tissue.
Ebselen is known to inhibit other enzymes through covalent modification of cysteine residues (34, 35) .
We demonstrate that pre-incubation of AMACR with cysteine specific reagents (20 mM dithithreitol, 5 mM tributylphosphine, or 15 mM iodoacetamide) does not abrogate AMACR-MBP activity, nor does it prevent ebselen-mediated inhibition (S. Fig. S6 ). That suggests that ebselen is not simply alkylating an exposed cysteine (thought to be the mechanism for ebselen-mediated inhibition of other enzymes), but we hypothesize rather that it may alkylate the active site histidine (His122) specifically. Rose bengal has been reported to inhibit enzymes with an active site histidine reside, so it is perhaps not surprising that our assay discovered it to inhibit AMACR (33).
Along with its role in prostate cancer, the AMACR homolog in Mycobacterium tuberculosis (MCR) has been intimately tied to the field of AMACR research through use of both the MCR crystal structure and the enzyme itself as a stand-in for AMACR (7, 8) . It has not been established whether MCR is required for M. (42, 48) . We believe that our discovery of these potent inhibitors of AMACR activity warrant further preclinical investigation as imaging and chemotherapeutic agents for prostate cancer. Furthermore, the high-throughput assay that we have developed lends itself to the rapid screening of both new libraries as well as derivatives of the inhibitors described above. 
